Background {#Sec1}
==========

Alzheimer's disease (AD) is responsible for 50--70% of dementia cases in the elderly, and effective treatments are still not available \[[@CR1], [@CR2]\]. The main clinical symptom is cognitive decline, which begins with loss of the capacity to form new memories and progresses throughout a few years to broadly impaired cognitive functions.

Converging evidence accumulated in the past 20 years indicates that soluble oligomers of the amyloid-β peptide (AβOs), toxins that accumulate in AD brains, are implicated in brain damage and dysfunction, including neuronal tau hyperphosphorylation, changes in calcium homeostasis, increased production of reactive oxygen species (ROS), mitochondrial dysfunction, and aberrant activation of microglia and astrocytes (reviewed in \[[@CR3]--[@CR5]\]). These events result in a degenerative process that leads to synapse failure and cognitive deficits in AD. Currently available therapies for AD are essentially symptomatic and not disease-modifying, thus presenting limited efficacies \[[@CR6]\]. Therefore, there is an urgent need to develop effective ways to prevent or reverse neuronal damage associated with AD.

Mesenchymal stem cells (MSCs) from different sources have emerged as potential therapeutic alternatives for a number of neurological disorders, with promising in vivo and in vitro results in models of neurodegenerative diseases, including AD \[[@CR7]--[@CR11]\]. For example, placenta-derived MSCs have been shown to reduce brain Aβ levels, glial activation, and memory impairment in Aβ-infused mice \[[@CR12]\]. Placenta-derived MSCs further downregulate the release of inflammatory cytokines, promoting neuronal differentiation and preventing cell death \[[@CR12]\]. Transplantation of bone marrow-derived MSCs in Aβ-infused mice triggered microglial activation and reduced brain Aβ deposits \[[@CR13]\], and umbilical cord blood-derived MSCs reduced Aβ deposits and tau hyperphosphorylation and improved memory in APP/PS1 transgenic mice \[[@CR10], [@CR11]\]. In addition, the expression of the pro-inflammatory cytokines, IL-1β and TNF-α, was decreased while the expression of the anti-inflammatory cytokine, IL-4, was increased in the brains of APP/PS1 mice after treatment with bone marrow-derived MSCs \[[@CR14]\].

Neuroprotection by MSCs appears related to their potential to release several molecules and particles that act paracrinally to stimulate neurogenesis and/or combat inflammation \[[@CR15], [@CR16]\], a concept known as secretome. The MSC secretome is composed of a protein fraction, which comprises peptides, cytokines and growth factors, and a vesicular fraction, comprising extracellular vesicles (EVs) \[[@CR17]--[@CR20]\]. EVs represent a heterogeneous population of secreted vesicles, including exosomes and microvesicles originating from distinct cellular compartments \[[@CR21]\]. EVs constitute an important mechanism of cellular communication and can facilitate the transfer of mRNAs, miRNAs, bioactive lipids, and proteins between cells without direct cell-to-cell contact \[[@CR21]--[@CR23]\]. EVs released by MSCs (MSC-EVs) have been implicated in the protective actions of these cells \[[@CR24], [@CR25]\], and their therapeutic potential has been demonstrated in studies employing different cell models and central nervous system (CNS) lesions (reviewed in \[[@CR26], [@CR27]\]). We recently reported that EVs derived from rat bone marrow MSCs prevent oxidative stress and synapse damage induced by AβOs in hippocampal neurons \[[@CR9]\]. In the current study, we report the characterization of EVs derived from human Wharton's jelly mesenchymal stem cells (hMSCs) and investigate their neuroprotective potential in an in vitro model of AD.

Methods {#Sec2}
=======

Ethical considerations {#Sec3}
----------------------

All procedures involving human-derived materials were approved by and followed the guidelines of the Institutional Human Ethical and Research Committee of the Clementino Fraga Filho Hospital of the Federal University of Rio de Janeiro (HUCFF/UFRJ 519.235). Experiments involving animals followed NIH guidelines and were approved by and monitored by the Institutional Animal Care and Use Committee of the Federal University of Rio de Janeiro (IBCCF 076).

Mesenchymal stem cell cultures {#Sec4}
------------------------------

Human Wharton's jelly mesenchymal stem cells (hMSCs) were obtained from umbilical cords (20 cm in length) donated by mothers following informed consent. Cords were collected in 200 mL PBS with 1% antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin; Life Technologies) and fungizone (amphotericin B, 250 μg/ml; Life Technologies) and were processed within 24 h of storage at 4 °C. After removal of the veins and artery, the jelly was crushed, suspended in 100 mL Dulbecco's modified Eagle's medium F-12 (DMEM F-12; Invitrogen) with 1% antibiotics, digested with type II collagenase (200 U/mL) for 16 h at 37 °C under slow agitation, and submitted to a 2000×*g* centrifugation step for 15 min. The pellet was suspended and dissociated in DMEM F-12 supplemented with 15% fetal bovine serum (FBS; Invitrogen) and 1% antibiotics, and submitted to two centrifugation steps of 15 min each at 1000×*g* and 500×*g*. Cells were plated in 75-cm^2^ flasks and maintained in a 5% CO~2~ humidified atmosphere at 37 °C. The medium was changed every 2--3 days. Cells were grown until approximately 90% confluence, trypsinized (0.25% trypsin plus 1 mM EDTA; Life Technologies), and plated again at a density of 7 × 10^3^ cells/cm^2^.

Hippocampal cultures {#Sec5}
--------------------

Hippocampi from 18-day-old rat embryos were dissected and cultured as previously described \[[@CR28], [@CR29]\] with minor modifications. Briefly, hippocampi were dissected and incubated with trypsin (0.25%) in PBS at 37 °C for 5 min. Five milliliters of DMEM medium supplemented with 5% FBS, 1% antibiotics, and 1% fungizone was added and the tissue dissociated by pipetting up and down 30 times. Cells were plated on glass coverslips previously coated with poly-[l]{.smallcaps}-lysine (0.1 mg/ml; \> 300,000 Da molecular mass; Sigma Aldrich) at a density of 377 cells/mm^2^. After 30 min, the medium was replaced by Neurobasal supplemented with 2% B27 (ThermoFisher Scientific), 1% antibiotics, 1% fungizone, and 1% Glutamax 100X (Life Technologies). Cultures were maintained at 37 °C in a humidified 5% CO~2~ atmosphere for 18--21 days in vitro. One third of the medium was replaced after 10 days.

Isolation of hMSC-EVs {#Sec6}
---------------------

hMSCs at 90% confluence were washed twice with PBS and cultured for 24 h in serum-free DMEM F12 medium. The number of viable cells was assessed and conditioned medium (CM) was collected. CM was centrifuged at 2000×*g* for 20 min to remove cellular debris and, subsequently, at 100,000×*g* for 2 h at 4 °C (Optima L-90 K ultracentrifuge; Beckman Coulter). The pellet containing EVs was resuspended in PBS and stored at − 80 °C. For transmission electron microscopy analysis, CM was first centrifuged at 16,000×*g* for 30 min to obtain microvesicles, and then at 100,000×*g* for 2 h to obtain exosomes.

Characterization of hMSCs and hMSC-EVs {#Sec7}
--------------------------------------

The StemPro Differentiation Kit (Life Technologies) was used according to the manufacturer's recommendations to determine the capacity of hMSCs to undergo adipogenic or chondrogenic differentiation. Characterization of hMSCs and hMSC-microvesicles was performed by fluorescence-activated cell sorting (FACS) utilizing a FACSCalibur™ sorter (BD Biosciences) and analyzed by CellQuest software (BD Biosciences). FITC-conjugated antibodies (anti-CD73, anti-CD90, anti-CD105, anti-CD146, anti-CD14, anti-CD34, anti-CD45, and anti-HLA-DR; BD Biosciences) were incubated with samples for 30 min in PBS containing 0.5% BSA at 4 °C. Mouse isotypic IgG was used as a control.

FACS analysis of hMSC-exosomes was performed using exosome capture beads based on anti-CD63 coupled antibody (Invitrogen Dynabeads Exosome Human CD63 Isolation/Detection Reagent) following the manufacturer's recommendations. Specific FITC-conjugated exosomal markers (anti-CD9 and anti-CD81; BD Biosciences) were used as above.

Nanoparticle tracking analysis {#Sec8}
------------------------------

Particle density and size distribution of hMSC-EVs were measured on NanoSight NS300 (Malvern Instruments). EVs were diluted 1:1000 in PBS for analysis, and results represent averages of five 1-min readings for each sample.

Transmission electron microscopy {#Sec9}
--------------------------------

hMSC-EVs were diluted 1:100 in 4% paraformaldehyde and added to 300 mesh collodium-coated copper grids (Electron Microscopy Science; Hatfield, PA) and allowed to dry for 1 h at room temperature. Grids were transferred to 1% glutaraldehyde solution for 5 min, washed with distilled water, and set to dry for 30 min. Grids were stained with 5% uranyl acetate for 5 min and washed with abundant distilled water for 3 min. Each grid was placed under a drop of 0.14% methylcellulose for 5 min and washed thoroughly in distilled water. Analyses were performed using a Jeol JEM-1011 transmission electron microscope operated at 80 kV at the Rudolf Barth Electron Microscopy Platform/Oswaldo Cruz Institute/Fiocruz (Rio de Janeiro, Brazil).

Preparation of AβOs {#Sec10}
-------------------

AβOs were prepared as previously described \[[@CR30]\]. Briefly, the peptide was dissolved to 1 mM in hexafluoro-2-propanol and stored in aliquots as a dried film at − 80 °C after solvent evaporation. Individual aliquots of film were resuspended in DMSO to a final concentration of 5 mM. The solution was diluted to 100 μM in ice-cold PBS and left at 4 °C overnight. The preparation was centrifuged at 14,000×*g* for 10 min at 4 °C, and the supernatant containing soluble AβOs was stored at 4 °C. Protein concentration was determined using the BCA assay (Pierce). Oligomer solutions were always used within 48 h of preparation. Characterization of each and every oligomer preparation was performed by size-exclusion HPLC chromatography and, occasionally, by Western blot using oligomer-sensitive NU4 antibody \[[@CR31]\] (kindly provided by Prof. William L. Klein, Northwestern University). Preparations consistently comprised soluble oligomeric species including dimers, tetramers, and higher molecular mass oligomers of 50--180 kDa, ranging in diameter from 1.5 to 3.5 nm \[[@CR32]--[@CR35]\].

Cellular uptake of hMSC-EVs and immunocytochemistry {#Sec11}
---------------------------------------------------

Cultured hippocampal cells were incubated with hMSC-EVs (6 × 10^8^ particles) for 22 h after addition of vehicle (PBS containing 2% DMSO) or AβOs (500 nM) for 2 h. In uptake experiments, we employed hMSC-EVs derived from hMSCs that were double-labeled with SYTO RNASelect (for RNA labeling) and Vybrant DiI (for membrane labeling) (both from Molecular Probes). Cells were fixed with 4% paraformaldehyde/4% sucrose solution for 15 min at 4 °C. Cell nuclei were labeled with DAPI. Images were acquired on a Zeiss LSM 510 confocal microscope.

For immunocytochemistry, fixed cells were blocked with 4% bovine serum albumin at room temperature. Primary antibodies used were rabbit anti-MAP 2 (1:200; Santa Cruz), mouse anti-GLUA1 (1:200; MAB2263, Santa Cruz), and guinea pig anti-GLT-1 (1:400; AB1783, Millipore) and were incubated overnight at 4 °C. For labeling with mouse anti-synaptophysin (1:1000; Vector Labs) and rabbit anti-PSD-95 (1:200; Santa Cruz) antibodies, cells were permeabilized with 0.1% Triton X-100 (Merck) for 5 min at room temperature before blocking with 10% horse serum for 1 h. After incubation with primary antibodies, cells were washed with PBS and incubated with Alexa Fluor-conjugated secondary antibodies (1:1000; Thermo Fisher) for 2 h at room temperature. Images were acquired on a Zeiss Axio Observer Z1 microscope or a Nikon C2 confocal microscope.

Reactive oxygen species {#Sec12}
-----------------------

Formation of reactive oxygen species (ROS) was evaluated in live hippocampal neurons using 2 μM CM-H2DCFDA (Life Technologies) as previously described \[[@CR9], [@CR30]\]. Probe fluorescence was analyzed using NIH ImageJ software as described \[[@CR30]\]. Briefly, hippocampal cultures were exposed to 500 nM AβOs for 2 h at 37 °C. hMSC-EVs (6.05 × 10^7^ or 1.82 × 10^8^ particles, as described in the "[Results](#Sec15){ref-type="sec"}" section) were then added for 3 h and 30 min to the cultures. After this time, CM-H2DCFDA was loaded for 30 min and images were acquired on a Nikon Eclipse TE300 microscope. Nine microscopic fields were acquired using a × 20 objective per experimental condition in each of triplicate wells from three to four independent experiments using different hippocampal cultures and AβO preparations and were combined for analysis to allow quantitative estimates of changes in ROS levels. In some experiments (see the "[Results](#Sec15){ref-type="sec"}" section), we used hMSC-EVs in which catalase had been inactivated by previous treatment at 37 °C with 1 mM aminotriazole for 30 min and washed twice with 20 mL PBS.

Catalase detection {#Sec13}
------------------

The protein content of hMSC-EVs was quantified using the Pierce BCA™ Protein Assay Kit (Thermo Fisher Scientific). One milligram of EV protein was suspended in PBS in the chamber of a high-resolution respirometer (Oroboros Oxygraph-O~2~k; Oroboros Instruments). After temperature equilibration (37 °C), the suspension received sequential H~2~O~2~ pulses corresponding to 80, 200 (2 pulses), and 400 μM peroxide, and O~2~ production resulting from the catalase-mediated breakdown of H~2~O~2~ was quantified using the DataLab 4 software coupled to the respirometer. Catalase activity (expressed as nmol O~2~ per min) was calculated from the linear phase of O~2~ formation after each pulse of H~2~O~2~. In order to confirm the role of catalase in O~2~ production, 1 mM aminotriazole (an inhibitor of the enzyme) was added.

Statistical analyses {#Sec14}
--------------------

One-way ANOVA followed by Tukey's post hoc test was used to compare three or more experimental conditions. *p* \< 0.05 values were considered indicators of a statistically significant difference.

Results {#Sec15}
=======

Characterization of hMSCs {#Sec16}
-------------------------

MSC cultures established from human umbilical cord Wharton's jelly comprised a population of colony-forming cells with fusiform morphology (Additional file [1](#MOESM1){ref-type="media"}: Figure S1a). Cells retained the ability to commit to adipogenic or chondrogenic pathways, resulting in the accumulation of intracellular lipid droplets or active synthesis of proteoglycans, as evidenced by Oil Red O or Alcian blue staining, respectively (Additional file [1](#MOESM1){ref-type="media"}: Figure S1b, c). Consistent with an MSC-like profile, cells were positive for surface markers CD73, CD90, CD105, and CD146 and negative for hematopoietic markers HLA-DR, CD14, CD34, and CD45 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1d). We further investigated the hMSC profile after culture for 24 h in serum-free medium. Serum deprivation did not affect the morphology or surface marker phenotype of hMSCs (Additional file [1](#MOESM1){ref-type="media"}: Figure S1e).

hMSC-EVs exhibit mesenchymal surface markers and consist of a mixed population of exosomes and microvesicles {#Sec17}
------------------------------------------------------------------------------------------------------------

To characterize the ensemble of EVs secreted from hMSCs, conditioned medium from serum-deprived hMSCs was harvested. EVs were isolated and initially analyzed by nanoparticle tracking analysis (NTA). NTA revealed the presence of particles with diameters ranging from 30 to 750 nm, with a mode at 60--70 nm, consistent with a mixture of exosomes (30--100-nm-diameter particles) and microvesicles (100--750-nm-diameter particles) (Fig. [1](#Fig1){ref-type="fig"}a). Particle numbers determined by NTA for hMSC preparations derived from three independent umbilical cord donors averaged 1.7 ± 0.7 × 10^4^ particles/cell. Fig. 1Characterization of hMSC-EVs. **a** Nanoparticle tracking analysis of hMSC-EVs indicates a mixed population of exosomes and microvesicles, comprising particles with diameters ranging between 30 and 750 nm and an average particle density of 1.7 ± 0.7 × 10^4^ particles/cell (*n* = 3 EV preparations from independent cord donors). **b** hMSC-EVs were positive for MSC markers CD73, CD90, CD105 and negative for HLA-DR, CD14, CD34, CD45, and CD146. **c** CD63-positive exosomes isolated from the total population of hMSC-EVs by CD63-conjugated capture beads are positive for exosome-associated tetraspanins, CD9 and CD81. **d**, **e** Representative TEM images of hMSC-EVs. White arrows indicate exosomes; black arrows indicate microvesicles

hMSC-EVs were positive for MSC markers CD73, CD90, and CD105, but not for CD146, HLA-DR, CD14, CD34, and CD45 (Fig. [1](#Fig1){ref-type="fig"}b). Moreover, the CD63-positive exosome fraction isolated from the total ensemble of hMSC-EVs by capture beads conjugated to the anti-CD63 antibody was positive for exosome-associated tetraspanins, CD9 and CD81 (Fig. [1](#Fig1){ref-type="fig"}c).

TEM analysis of hMSC-EVs revealed nanosized vesicles presenting roughly spherical shapes. In the fraction isolated at 100,000 g, most particles had diameters ranging from \~ 40 to 100 nm, consistent with exosomes (Fig. [1](#Fig1){ref-type="fig"}d), and an additional vesicular population with diameters greater than 150 nm was detected in the fraction isolated at 16,000 g (Fig. [1](#Fig1){ref-type="fig"}e), consistent with microvesicles.

AβOs promote uptake of hMSCs-EVs by hippocampal cells {#Sec18}
-----------------------------------------------------

To determine whether hMSC-EVs could be internalized by cultured hippocampal cells, we used EVs isolated from hMSCs that had been double-labeled with Vybrant DiI (a membrane probe) and SYTO RNA (an RNA probe). Vehicle-exposed hippocampal cells exhibited a relatively low uptake of hMSC-EVs (Fig. [2](#Fig2){ref-type="fig"}b). Exposure of hippocampal cultures to AβOs (500 nM) for 24 h markedly increased the uptake of hMSC-EVs, as revealed by both Vybrant DiI and SYTO RNA fluorescent signals (Fig. [2](#Fig2){ref-type="fig"}c). Fig. 2AβOs promote uptake of hMSC-EVs by hippocampal cells. Double-labeled hMSC-EVs (Vybrant DiI shown in red; SYTO RNA shown in green) were incubated for 24 h with hippocampal cultures after a previous 24-h exposure of cultures to vehicle (**b**) or 500 nM AβOs (**c**). Control hippocampal cultures in the absence of fluorescent hMSC-EVs showed no labeling (**a**). Scale bar, 20 μm

Because our hippocampal cultures contain a mixture of neurons and glial cells (astrocytes and a small percentage of microglia), we sought to determine the cell type(s) responsible for uptake of hMSC-EVs. To this end, we first quantified the uptake of Vybrant diI-labeled hMSC-EVs by neurons (MAP 2/GLUR1-positive cells). We found that 18 ± 6% of hMSC-EVs labeling co-localized with MAP 2/GLUR1-positive neurons, indicating that most of the uptake was carried out by non-neuronal cells (Fig. [3](#Fig3){ref-type="fig"}a, b). We next immunolabeled cultures for glutamate transporter 1 (GLT-1), an astrocytic membrane transporter. This showed that astrocytes carried out a vigorous uptake of hMSC-EVs in hippocampal cultures (Fig. [3](#Fig3){ref-type="fig"}c). Figure [3](#Fig3){ref-type="fig"}d shows a z-stack maximal intensity projection confocal image to illustrate the presence of hMSC-EVs inside astrocytes. Fig. 3Uptake of hMSC-EVs is primarily carried out by non-neuronal cells in hippocampal cultures. **a** Vybrant DiI-labeled hMSC-EVs were incubated for 24 h with hippocampal cultures following previous incubation of cultures for 24 h with 500 nM AβOs. White arrows indicate representative uptake of hMSC-EVs by MAP 2/GluA1-positive cells. **b** Analysis of co-localization of Vibrant DiI and MAP 2/GluA1 labeling revealed that uptake of hMSC-EVs was mostly carried out by non-neuronal cells in culture. Quantification was performed on ten images from each of three coverslips in each three independent experiments. **c** GLT-1-positive astrocytes in hippocampal cultures exhibit robust hMSC-EV uptake. **d** Representative z-stack maximal intensity projection confocal image demonstrating the presence of Vybrant DiI-labeled hMSC-EVs (red) inside GLT-1-labeled astrocytes (green). Scale bar, 20 μm

hMSC-EVs rescued AβO-induced oxidative stress in hippocampal neurons {#Sec19}
--------------------------------------------------------------------

AβOs induce robust oxidative stress in hippocampal neurons, and this appears to be an important mechanism leading to neuronal damage \[[@CR30], [@CR36]--[@CR38]\]. We thus asked if hMSC-EVs could reduce excessive ROS in hippocampal cultures exposed to AβOs. To this end, AβOs were added to hippocampal cultures for 2 h and hMSC-EVs were added at two different doses (6.1 × 10^7^ particles or 1.8 × 10^8^ particles; Fig. [4](#Fig4){ref-type="fig"}c, d) for an additional 4 h. Consistent with our previous reports, exposure to AβOs significantly increased ROS levels in hippocampal neurons (Fig. [4](#Fig4){ref-type="fig"}b). Treatment of cultures with both doses of hMSC-EVs reduced ROS to control levels (Fig. [4](#Fig4){ref-type="fig"}c--e). Fig. 4hMSC-EVs rescue AβO-induced ROS formation in hippocampal cultures. **a**, **b** Representative DCF fluorescence images from hippocampal cultures exposed to vehicle or 500 nM AβOs for a total period of 6 h. **c**, **d** Hippocampal cultures were treated with two different doses of hMSC-EVs (6.1 × 10^7^ particles, identified as \[1x\], or 1.82 × 10^8^ particles, identified as \[3x\]). Scale bar, 50 μm. **e** Integrated DCF fluorescence. Bars represent means ± SEM from three experiments using independent hippocampal culture. In each experiment, three images from each of three coverslips were acquired and analyzed using NIH ImageJ software. \**p* \< 0.05; \*\**p* \< 0.0001; one-way ANOVA followed by Tukey's post hoc test

We recently showed that EVs derived from rat MSCs attenuate oxidative stress induced by AβOs \[[@CR9]\] and that this anti-oxidant action was due to the presence of catalase in the EVs. In line with those observations, we found that hMSC-EVs have potent catalase activity which can be inhibited by aminotriazole, a well-known cell-permeant irreversible inhibitor of catalase activity \[[@CR39]\] (Fig. [5](#Fig5){ref-type="fig"}a). To determine whether catalase contained in hMSC-EVs was responsible for protection against AβO-induced ROS production, we previously inhibited catalase activity of hMSC-EVs by treatment with aminotriazole before addition to hippocampal cultures. hMSC-EVs with inactivated catalase (hMSC-iEVs) were unable to prevent ROS formation instigated by AβOs in hippocampal cultures (Fig. [5](#Fig5){ref-type="fig"}a, b). Fig. 5Inactivation of catalase abolishes the capacity of hMSC-EVs to block oxidative stress induced by AβOs in hippocampal cultures. **a** Catalase activity of hMSC-EVs was determined by high-resolution respirometry by measuring O~2~ release in response to increasing concentrations of added hydrogen peroxide. Treatment with aminotriazole (AMZ, a catalase inhibitor) fully inactivated catalase activity of hMSC-EVs. **b** Integrated DCF fluorescence from hippocampal cultures exposed to AbOs (or vehicle) in the presence of hMSC-EVs previously treated (or not) with aminotriazole. Bars represent means ± SEM from three experiments using independent neuronal cultures. In each experiment, three images from each of three coverslips were acquired and analyzed using NIH ImageJ software. Scale bar, 50 μm. \**p* \< 0.05; \*\**p* \< 0.0001; one-way ANOVA followed by Tukey's post hoc test. **c**--**f** Representative DCF fluorescence images of hippocampal cultures

hMSC-EVs block AβO-induced synapse damage in a catalase-dependent manner {#Sec20}
------------------------------------------------------------------------

Consistent with our previous reports \[[@CR38], [@CR40], [@CR41]\], hippocampal neurons exposed for 24 h to AβOs presented marked reductions in immunoreactivities for pre- and post-synaptic marker proteins, synaptophysin (Fig. [6](#Fig6){ref-type="fig"}b, g), and PSD-95 (Fig. [6](#Fig6){ref-type="fig"}b, h), respectively. A similar decrease was observed in the number of co-localized synaptophysin/PSD-95 puncta (Fig. [6](#Fig6){ref-type="fig"}b, i), indicating a reduction in synapse density in hippocampal neurons exposed to AβOs. Interestingly, treatment with hMSC-EVs for 22 h after an initial 2-h exposure to AβOs entirely prevented synapse damage (Fig. [6](#Fig6){ref-type="fig"}c, g--i). Prior inhibition of catalase activity (hMSC-iEVs) blocked the synaptoprotective action of EVs (Fig. [6](#Fig6){ref-type="fig"}d, g--i). Control experiments showed that hMSC-EVs or hMSC-iEVs did not affect synaptophysin/PSD-95 immunoreactivities or number of co-localized synaptic puncta in vehicle-exposed hippocampal neurons (Fig. [6](#Fig6){ref-type="fig"}e--i). Fig. 6Catalase mediates the ability of hMSC-EVs to prevent synapse damage induced by AβOs. **a**, **b** Representative images from cultured hippocampal neurons exposed to 500 nM AβOs or vehicle for 24 h and immunolabeled for synaptophysin (SYP, green) and PSD-95 (red). **c**, **d** Where indicated, hippocampal cultures were treated with hMSC-EVs or hMSC-iEVs. **e**, **f** Representative images from vehicle-exposed cultures treated with hMSC-EVs or hMSC-iEVs. Integrated fluorescence intensities for synaptophysin (**g**) or PSD-95 (**h**), and numbers of co-localized synaptophysin/PSD-95 punctae (**i**). Bars represent means ± SEM from three experiments using independent cultures. Nine to 12 images from each of three coverslips were acquired and analyzed in each independent experiment. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; one-way ANOVA followed by Tukey's post hoc test. Scale bar, 20 μm

Discussion {#Sec21}
==========

The multiple mechanisms that appear implicated in the pathogenesis of AD make it unlikely that a single therapeutic approach will be effective, suggesting that the use of combined therapies may be a viable route for treatment of AD. Several studies have indicated MSCs as promising therapeutic tools in the treatment of insults to the CNS, including spinal cord \[[@CR42]\], cornea \[[@CR43]\], and optic nerve injuries \[[@CR44], [@CR45]\]; cortical ischemia \[[@CR46]\]; and neurodegenerative diseases, such as Huntington's \[[@CR8]\], Parkinson's \[[@CR47]\], and Alzheimer's diseases \[[@CR48]\]. The beneficial actions of MSCs have been attributed to their paracrine activity \[[@CR49]--[@CR51]\].

MSCs can be obtained from a variety of tissues, including the umbilical cord \[[@CR52]\], adipose tissue \[[@CR53]\], dental pulp \[[@CR54]\], and bone marrow \[[@CR55]\]. In the current study, we successfully isolated adherent cells with MSC characteristics from human Wharton's jelly \[[@CR52], [@CR56]--[@CR58]\]. These cells had fibroblast-like morphology, expressed mesenchymal but not hematopoietic surface markers, and effectively differentiated into adipogenic and chondrogenic lineages (Additional file [1](#MOESM1){ref-type="media"}: Figure S1).

Previous studies have described the ability of MSCs to secrete vesicles (MSC-EVs) with critical biological activities \[[@CR59]--[@CR61]\]. Cells secrete a wide range of EVs with different sizes, morphologies, and contents, which interact with target cells and modify their phenotypes and function \[[@CR21], [@CR62]\]. EVs play an essential role in paracrine signaling, as they represent a packaging mechanism that protects bioactive molecules against exposure and degradation in the extracellular environment, thus allowing those molecules to be transported and addressed specifically to target cells \[[@CR63]\].

MSC-EVs are able to cross the blood-brain barrier, thus establishing an advantage over cellular therapy and an attractive therapeutic alternative for neurological and neurodegenerative diseases. For example, intravenous administration of MSC-derived exosomes in rats promoted neurite remodeling, neurogenesis and angiogenesis, leading to functional recovery in stroke \[[@CR64], [@CR65]\] and traumatic brain injury models \[[@CR66], [@CR67]\]. Furthermore, exosomes derived from dental pulp MSCs reduce 6-OHDA-induced apoptosis in dopaminergic neurons in an in vitro model of Parkinson's disease \[[@CR68]\], whereas EVs derived from adipose tissue MSCs express high levels of neprilysin, an important enzyme in degradation of Aβ in the brain \[[@CR69]\]. Those EVs were efficiently internalized by neuroblastoma cells and led to decreases in intracellular and extracellular Aβ levels \[[@CR69]\].

We showed that EVs derived from human Wharton's jelly mesenchymal stem cells (hMSC-EVs) are composed of two vesicle populations with sizes, morphologies, and surface markers corresponding to microvesicles and exosomes. In the current study, we chose to investigate the neuroprotective actions of the entire population of EVs present in the secretome from hMSC-EVs. This choice was based on the fact that both exosomes and microvesicles have been suggested to mediate therapeutic effects of MSCs \[[@CR24], [@CR26]\] and on the possibility that both fractions may have complementary actions, as recently observed with other components of the MSC secretome \[[@CR70]\]. Results showed that hMSC-EVs are internalized and transfer RNA cargoes to hippocampal cells in vitro and that this internalization is increased following exposure of hippocampal cultures to AβOs. Several studies have reported variable contents of bioactive molecules including proteins, lipids, and RNA in EVs from different sources \[[@CR21]\], suggesting that these molecules may operate at different levels and distinct time scales in target cells.

We found that most of the uptake of hMSC-EVs in hippocampal cultures was carried out by non-neuronal cells, notably astrocytes. Astrocytes play essential roles in synaptic and brain plasticity and participate in inflammatory responses of the CNS \[[@CR71]\]. In AD, increased astrocyte proliferation has been shown to be accompanied by changes in phenotype to a more reactive state \[[@CR72], [@CR73]\]. This abnormal astrocyte activation is also present in AD models involving accumulation of AβOs \[[@CR74], [@CR75]\]. AβOs interact with astrocytes, leading to their activation, abnormal generation of ROS, and impairment of their neuroprotective actions \[[@CR76]\]. A recent study showed that treatment with MSC-EVs decreases activation of astrocytes and microglia, downregulates IL-1β and TNF-α pro-inflammatory cytokines, upregulates IL-4 and IL-10 anti-inflammatory cytokines, and improves memory in APP/PS1 transgenic mice \[[@CR77]\]. Our current results highlight the capacity of astrocytes to uptake hMSCs-EVs in the presence of AβOs, and suggest that hMSC-EVs may be explored as tools to modulate astrocyte function in AD.

Brain oxidative stress is a pathological correlate of aging and AD \[[@CR78], [@CR79]\]. High concentrations of ROS are toxic to cells and trigger mitochondrial and DNA damage, mutations, and cytoskeletal disorganization, leading to loss of homeostasis and cell death \[[@CR3], [@CR80]--[@CR85]\]. We have previously shown that AβOs promote neuronal oxidative stress via aberrant activation of NMDA receptors \[[@CR86]\]. MSCs are resistant to oxidative stress and present high levels of anti-oxidant enzymes \[[@CR87]\]. Administration of MSCs reduces oxidative stress in a rat stroke model \[[@CR88]\] and Friedreich's ataxia \[[@CR89]\] models. In a recent study, catalase loaded into macrophage-derived exosomes decreased oxidative stress and increased neuronal survival in vitro and in vivo in a mouse model of Parkinson's disease \[[@CR90]\]. Moreover, EVs derived from human Wharton's jelly mesenchymal stromal cells protect kidney cells from ischemia/reperfusion injury \[[@CR91]\]. We recently showed that rat bone marrow MSCs, as well as EVs secreted from such cells, rescued hippocampal cultures from oxidative stress and synapse damage induced by AβOs \[[@CR9]\].

In the current study, we report that hMSC-EVs decreased ROS accumulation upon exposure of hippocampal neurons to AβOs. Significantly, hMSC-EVs further prevented the decrease in synaptic proteins and synapse density induced by AβOs in hippocampal cultures. These beneficial effects were dependent on the activity of catalase contained within hMSC-EVs, as inhibition of catalase activity in hMSC-EVs abrogated their neuroprotective actions against neuronal ROS accumulation and synapse damage induced by AβOs. We have established that AβOs induce robust neuronal oxidative stress that can be detected by intracellular ROS-sensitive probes \[[@CR30], [@CR36], [@CR92]\]. Therefore, our current observation of catalase-mediated protection against oxidative stress requires catalase to be transferred to and active in the cytoplasm. The notion that catalase is contained within EVs provides a straightforward mechanism to explain the transfer of the active enzyme to cells.

We have also considered the possibility that catalase could be present in soluble form in the hMSC secretome or adsorbed to the external surface of EVs. However, these possibilities appear less likely for the following reasons: First, two recent studies have failed to detect catalase in the secretome from hMSCs \[[@CR93], [@CR94]\]. In particular, Kehl et al. did not detect catalase in an extensive proteomic analysis of the soluble protein fraction of the secretome from human Wharton's jelly MSCs conditioned medium \[[@CR94]\]. This is consistent with our own results of proteomic analysis of hMSCs conditioned medium (data not shown). Second, the protocol we have used for catalase inactivation by aminotriazole includes two washes with large volumes of PBS. This should not only result in effective removal of any soluble protein but would also be expected to result in a marked reduction in proteins that might be adsorbed to the external surface of the EVs. In conclusion, our results and those in the recent literature suggest that catalase is not present in the soluble fraction of the hMSC secretome, but rather is contained within EVs, and that its transfer mediates protection against AβO-induced damage.

We further note that the protective action of hMSC-EVs we now describe was detected after a brief period of treatment with EVs. This fast time scale appears compatible with the notion that proteins (e.g., catalase) and/or other factors transferred by EVs mediate protection. One could envision that alterations in gene expression in target cells mediated by mRNA and miRNAs transferred by EVs could lead to additional, complementary protective mechanisms acting on a longer time scale.

Additionally, our findings indicate shared mechanisms of neuroprotection by EVs from either rat or human origin and also from different tissues (rat bone marrow versus human Wharton's jelly), as observed in the present and our previous study \[[@CR9]\]. A hypothetical mechanism of action of hMSC-EVs is that their uptake by astrocytes could reduce (via catalase activity) abnormal ROS production and propagation of astrocyte neurotoxic effects induced by AβOs. Additionally, hMSC-EVs may potentiate protective astrocyte functions on synapses, a mechanism that warrants further exploration in future studies.

Conclusion {#Sec22}
==========

Our findings suggest that hMSC-EVs mediate a paracrine mechanism of neuroprotection against AβO-induced neuronal oxidative stress and synapse damage. Neuroprotection by hMSC-EVs was mediated by active catalase contained within EVs. hMSC-EVs may represent a novel therapeutic alternative to transfer biomolecules, such as RNA and proteins, which may act to reduce AD pathology and contribute to the treatment of AD and other neurodegenerative disorders.
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**Additional file 1: Figure S1.** Characterization of human Wharton's Jelly mesenchymal stem cells (hMSCs). a MSCs had fibroblast-like morphology and stemness was confirmed by adipogenic (b, Oil Red O labeling) or chondrogenic differentiation (c, Alcian blue labeling). Scale bars, 50 μm. MSC phenotype was further confirmed by flow cytometry. Cells maintained in control medium (d) or serum-free medium (e) for 24 h were immunolabeled with antibodies against HLA-DR, CD14, CD34, CD45, CD73, CD90, CD105 or CD146. Green traces correspond to fluorescence intensities of markers, while purple shaded curves indicate isotypic controls.
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